Safe and effective cell delivery remains one of the main challenges in cell-based therapy of neurodegenerative disorders. Graft survival, sufficient enrichment of therapeutic cells in the brain, and avoidance of their distribution throughout the peripheral organs are greatly influenced by the method of delivery. Here we demonstrate for the first time noninvasive intranasal (IN) delivery of mesenchymal stem cells (MSCs) to the brains of unilaterally 6-hydroxydopamine (6-OHDA)-lesioned rats. IN application (INA) of MSCs resulted in the appearance of cells in the olfactory bulb, cortex, hippocampus, striatum, cerebellum, brainstem, and spinal cord. Out of 1Â10 6 MSCs applied intranasally, 24% survived for at least 4.5 months in the brains of 6-OHDA rats as assessed by quantification of enhanced green fluorescent protein (EGFP) DNA. Quantification of proliferating cell nuclear antigenpositive EGFP-MSCs showed that 3% of applied MSCs were proliferative 4.5 months after application. INA of MSCs increased the tyrosine hydroxylase level in the lesioned ipsilateral striatum and substantia nigra, and completely eliminated the 6-OHDA-induced increase in terminal deoxynucleotidyl transferase (TdT)-mediated 2 0 -deoxyuridine, 5 0 -triphosphate (dUTP)-biotin nick end labeling (TUNEL) staining of these areas. INA of EGFPlabeled MSCs prevented any decrease in the dopamine level in the lesioned hemisphere, whereas the lesioned side of the control animals revealed significantly lower levels of dopamine 4.5 months after 6-OHDA treatment. Behavioral analyses revealed significant and substantial improvement of motor function of the Parkinsonian forepaw to up to 68% of the normal value 40-110 days after INA of 1Â10 6 cells. MSC-INA decreased the concentrations of inflammatory cytokines-interleukin-1b (IL-1b), IL-2, -6, -12, tumor necrosis factor (TNF), interferon-g (IFN-g, and granulocyte-macrophage colony-stimulating factor (GM-CSF)-in the lesioned side to their levels in the intact hemisphere. IN administration provides a highly promising noninvasive alternative to the traumatic surgical procedure of transplantation and allows targeted delivery of cells to the brain with the option of chronic application.
Introduction S urgical transplantation of therapeutic cells into the brain is a commonly used method of cell application for cell-based therapy of neurodegenerative disorders. Its associated problems include graft rejection resulting from immunological response, 1, 2 as well as the consequences of direct tissue trauma such as inflammation, cerebral edema, and reactive gliosis. [3] [4] [5] Insufficient graft survival after transplantation has been shown in a model of Parkinson disease (PD) and in the brains of normal rodents. [6] [7] [8] Intravenous (i.v.) or intraarterial (i.a.) administration of cells is a less invasive delivery method compared to surgical transplantation. Despite the advantages of possible chronic application and absence of traumatic injury, both the i.v. and i.a. administration routes have significant side effects. i.v. administration results in either massive systemic distribution or entrapment of applied cells in peripheral organs such as lungs, liver, and spleen. 9, 10 i.a. delivery of cells, e.g., to lesioned brain areas, is a more targeted approach, 11 but it may lead to microvascular occlusions, worsening the cerebral blood flow, which is often already compromised in neurodegenerative disorders such as stroke, Alzheimer disease, and PD. [12] [13] [14] Our previous work demonstrated in principle that intranasal (IN) application (INA) of mesenchymal stem cells (MSCs) results in the delivery of numerous stem cells to different brain areas of healthy rodents, including the olfactory bulb, cortex, and striatum. 15 However, the long-term survival and therapeutic impact of stem cells administered by this route in experimental models of neurodegeneration has remained unexplored. Here we show the therapeutic effects of IN-delivered MSCs in the rat unilateral 6-hydroxydopamine (6-OHDA) lesion model of PD. Our data show that MSCs delivered to the lesioned striatum via INA survive for a period of at least 6 months and improve the previously depleted dopaminergic activity of the nigrostriatal system after unilateral 6-OHDA injection. In addition, IN-delivered MSCs show a strong antiinflammatory effect in the lesioned hemisphere and prominently improve the motor deficit.
Materials and Methods
Generation of enhanced green fluorescent protein transgenic dark agouti rats Lentiviral particles were obtained by transfecting HEK293T cells with FUGW vector DNA and the helper plasmids pMDL-RRE, pRSV-REV, and pVSV-g, as described previously. 16 The virus was concentrated by ultracentrifugation, resuspended in phosphate-buffered saline (PBS), and titrated by serial dilutions on HeLa cells. Transgenesis was performed according to our established protocol 16 by injecting the lentiviral concentrate into the perivitelline space of fertilized single-cell embryos obtained from superovulated female Dark Agouti (DA/OlaHsd) rats (Harlan Winkelmann, Borchen, Germany). Two-cell stage embryos were transferred into the oviduct of pseudopregnant Crl:CD females (Charles River, Sulzfeld, Germany), and the offspring were analyzed for EGFP expression by flow cytometry. Due to the use of the ubiquitin-C promoter in the lentiviral vector, enhanced green fluorescent protein (EGFP) is expressed in essentially all cell types. All procedures were conducted according to Bavarian state regulations and approved by the responsible authorities (Regierung von Unterfranken).
Isolation and cultivation of bone marrow MSCs
EGFP-MSCs were isolated from the mononuclear cell fraction of pooled bone marrow (BM) from 10 EGFP-DA rats (females, age 1 month) after plastic adherence and were cultured (378C, 5% humidified CO 2 ) with a-minimal essential medium (a-MEM; Cambrex Bio Science, Verviers, Belgium), containing desoxyribonucleotides (10 mg/L each, 11 mg/L 2 0 -deoxycytidine HCl), ribonucleotides (10 mg/L each), ultraglutamine (434 mg/L), 100 IU/mL penicillin (Cambrex Bio Science), 100 mg/mL streptomycin (Cambrex Bio Science), and 10% heat-inactivated (568C, 30 min) fetal calf serum (FCS; Cambrex Bio Science). To determine the stem cell plasticity, trilineage in vitro differentiation was performed as described previously 17 and demonstrated by specific staining with Oil Red O (adipogenesis), alkaline phosphatase (osteogenesis), and safranin O (chondrogenesis). Fluorescence-activated cell sorting (FACS) analysis was performed with a FACScan instrument (BD Biosciences, San Jose, CA) using BD CellQuestPro software and the phycoerythrin (PE)-conjugated antibodies anti-rat-CD9, -CD11b/c, -CD29, -CD31, -CD34, -CD39, -CD44, -CD45, -CD73, -CD90, -CD106, -CD133, -CD143, -CD166, -CD200, -SSEA-1 (BD Biosciences; Santa Cruz Biotechnology, Santa Cruz, CA; Serotec, Raleigh, NC; Biolegend, San Diego, CA). The cells used in this study were positive for CD9, CD29, CD44, CD73, CD90, CD166, CD200, and SSEA-1 and negative for CD11b/c, CD31, CD34, CD39, CD45, CD106, CD133, and CD143.
Quantitative cell migration assay
To study the migratory potential of rat EGFP-MSCs, a twocompartment system was used where cells were induced to migrate from an upper compartment through a porous membrane into a lower compartment. EGFP-MSCs were seeded at a density of 4,000 cells/mm 2 in 75-cm 2 in cell culture flasks in Dulbecco modified Eagle medium (DMEM, high glucose; PAA, Coelbe, Germany) supplemented with 10% FCS, penicillin (100 U/ mL), and streptomycin (100 mg/ mL) and cultured in a humidified 10% CO 2 atmosphere at 378C. After 72 h (&75% confluence), cells were trypsinized, resuspended in supplemented DMEM, and seeded with a concentration of 8Â10 4 /200 mL onto a ThinCertÔ cell culture insert (upper compartment, 8-mm pore size, translucent polyethylene terephthalate (PET) membranes, 24-well format, Greiner Bio One, Frickenhausen, Germany). Inserts (5 replicates) were placed into the wells of a 24-well plate (lower compartment), each containing 600 mL of control medium or the same medium supplemented with 100 ng/mL brainderived neurotrophic factor (BDNF). The assembly was incubated for 4 h in a humidified 10% CO 2 atmosphere at 378C. Thereafter, the inserts were removed, washed twice with phosphate-buffered saline (PBS), and transferred into the wells of a freshly prepared 24-well plate, each well containing 500 mL of 0.05% trypsin-EDTA solution (PAA). This plate was incubated for 10 min at 378C in a hybridization shaker with an agitation of 70 strokes/min. Detached cells were counted in a Neubauer chamber for quantification of cells that actively migrated into the lower compartment. To determine the appropriate BDNF concentration, a pilot test with 12 ng/mL, 4 DANIELYAN ET AL.
25 ng/mL, 50 ng/mL, and 100 ng/mL BDNF/mL of DMEM was performed. A concentration of 100 ng/mL of BDNF was found to be the most effective concentration to induce migration.
Animals
Male Sprague-Dawley rats (Charles River WIGA GmbH, Sulzheim, Germany), weighing 240-300 grams, were used for the IN delivery experiments. They were housed in groups of 3 or 4 animals in standard macrolon cages in a temperature-and climate-controlled room under a 12-h light/dark cycle (lights on at 7:00 a.m.) and had access to water (ad libitum) and standard food (15 grams per animal and day). All procedures were carried out in accordance with the ethical guidelines for use of animals in experiments and were approved by the administration office of the local governmental authority (Regierungsprä sidium Tü bingen).
Lesion surgery
For lesion of the dopaminergic neurons within the medial forebrain bundle (mfb), animals were deeply anesthetized with 64 mg/kg intraperitoneally (i.p) applied pentobarbital sodium (Narcoren Ò , Merial Hallbergmoos, Germany) or with isoflurane/fentanyl anesthesia. To ease breathing during anesthesia, each animal received a low-dose atropine sulfate injection (B. Braun, Melsungen, Germany, 0.5 mg/mL in 0.1 mL of saline). Thirty minutes before injection of the neurotoxin 6-OHDA, the animals received desipramine hydrochloride (Sigma Taufkirchen, Germany, 20 mg/kg, i.p.) to protect noradrenergic neurons against damage from 6-OHDA. Using a stereotactic frame (Stoelting, Wood Dale, IL) and microsyringes (1 mL, SGE syringes, Kiln Farm Milton Keynes, United Kingdom), 6-OHDA hydrobromide (12 mg free base diluted in 1 mL of 0.01% (wt/vol) ascorbic acid both Sigma) was infused into the left mfb at a rate of 1.0 mL/min using the following stereotaxic coordinates with respect to bregma: anterior-posterior (AP) ¼ À4.0 mm, lateral (L) ¼ þ 1.6 mm, and dosrsal-ventral (DV) ¼ À8.8 mm from surface of the skull. 18 The injection cannula was left in place for additional 7 min to allow sufficient diffusion of 6-OHDA into the brain tissue. After surgery, the animals were singlehoused for 1 day to allow for adequate recovery. To prevent animals from dehydrating, a commercial mineral solution ( Jonosteril, Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany; 3 mL/animal per day, i.p.) was additionally infused to animals for a maximum of 2 days postsurgery. Analgesic treatment was performed using carprofen (5 mg/ kg; Rimadyl, Pfizer, Germany) immediately after surgery until 2 days postsurgery.
Cell application
IN cell or vehicle (PBS) application was performed during a short anesthesia (ketamine, 75-100 mg/kg, i.p.; Ketavet, Pfizer). Prior to vehicle or cell treatment, all animals received IN 100 U hyaluronidase (Sigma) dissolved in 24 mL of sterile PBS. Rats received twice for each nostril alternate applications (left-right) of 6-mL drops containing cell suspension/ hyaluronidase or PBS (the second set of right-left applications was performed 2 min after the first set). One hour after IN pretreatment with hyaluronidase, MSC suspension (3Â10 5 or 5Â10 5 in 24 mL of sterile PBS) or vehicle (PBS) was applied following the same procedure, i.e., in alternating 6-mL portions for each nostril.
For quantification of radiolabeled MSCs, conventional or laser scanning (LSM) fluorescence microscopy of EGFPMSCs, and immunohistochemical analyses of tyrosine hydroxylase (TH), proliferating cell nuclear antigen (PCNA)-, smooth muscle a-actin (SMAA), b-tubulin III, and assessment of behavioral tests during a period of 6.7 months (data not shown), 3Â10
5 cells were applied IN on day 3 postsurgery. The therapeutic efficacy of INA of 1Â10 6 EGFP-MSCs in a follow-up study was evaluated by EGFP DNA quantification, western blots, quantification of terminal deoxynucleotidyl transferase (TdT)-mediated 2 0 -deoxyuridine, 5 0 -triphosphate (dUTP)-biotin nick end labeling (TUNEL)-, visualization and counting of PCNA-or TH-positive cells, and multiplex measurement of cytokines. For this experimental set, the animals (n ! 10) were treated with 5Â10 5 cells (1Â10 6 cell in total) on days 7 and 9 postsurgery and sacrificed 4.5 months later.
Radiolabeling of MSCs
For radiolabeling of rat MSCs with tritiated thymidine, cells were seeded at approximately 20% confluency into 75-cm 2 cell culture flasks (Nunc, Wiesbaden, Germany) and cultivated in the presence of 1 mM thymidine and 370 kBq [methyl- 3 H] thymidine (TRK418, GE Healthcare, Munich, Germany) per mL of medium for 1 week. After three washing steps (PBS), the medium was replaced by one devoid of radiolabel, and the cells were cultivated for an additional week with daily medium renewals. The absence of diffusible radiolabel from the final medium supernatant prior to trypsinization was confirmed by liquid scintillation counting (LKB Rackbeta 1219, Wellesley, MA) in Ultima GoldÔ (Perkin Elmer, Waltham, MA; 5 mL in 20-mL vials) for 10 min per sample. After detachment by trypsinization, an aliquot was used for the determination of the cell number in a Neubauer chamber, and the degree of label incorporation into the cellular DNA was measured in another aliquot by liquid scintillation counting. The radioactivity per labeled MSC was determined as the measured radioactivity of the cell lysate divided by the counted cell number.
The labeled cells were then applied intranasally to rats (3Â10 5 cells per animal, n ¼ 6). After 4 h, the animals were sacrificed under ketamine anaesthesia (100 mg/kg; Ketavet, Pfizer) and the organs (heart, kidneys, lung, stomach, liver, spleen, spinal cord, and brain) were removed, weighed, and sampled. The brain was immediately dissected on an icecooled block into olfactory bulb (OB), cortex, striatum, hippocampus (HC), cerebellum (Cer), and brainstem according to the method described by Heffner et al. 19 and Mayerhofer et al. 20 The remaining brain tissue was collected as the sample ''remaining brain.'' All samples were minced with scissors and then completely homogenized in deionized water using a Potter-Elvehjem homogenizer at 4,000 rpm. The samples were transferred to scintillation vials, mixed with 2 volumes of Ultima GoldÔ scintillation fluid, and assayed for radioactivity by liquid scintillation counting (measuring time, 10 min per sample). The number of MSCs per organ was calculated as the measured sample radioactivity multiplied by the ratio of organ and sample weight and divided by the determined radioactivity per labeled MSCs (0.074 Bq).
Quantitative real-time polymerase chain reaction
Genomic DNA was extracted from one cerebral hemisphere per rat of a total of six, as well as from cultured EGFPtransgenic rat MSCs via a standard protocol including proteinase K digestion and phenol-chloroform extraction. One hundred nanograms of genomic DNA was analyzed by real-time quantitative PCR in a LightCycler instrument, using the FastStart DNA Master SYBR Green I kit (Roche, Basel, Switzerland). MSC genomic DNA content was quantified by a PCR assay for EGFP. PCR was performed for 45 cycles that each consisted of denaturation at 958C for 5 s, annealing at 708C for 3 sec, and extension at 728C for 8 sec, using 3 mM MgCl 2 and the following primer set: forward, 5
0 -GTCCAGG AGCGCACCATCTTC-3 0 and reverse, 5 0 -GATGCCGTTCTT CTGCTTGTCG-3 0 . Total levels of genomic DNA were determined by a PCR assay targeting exon 5 of the EPO gene. The primers used were: Forward, 5
0 -GGCTTCCTGATGCC ATGTG-3 0 and reverse, 5 0 -TGGTGATTTCGGCTGTTGC-3 0 . To determine copy numbers (genome equivalents) of genomic MSC DNA and total DNA present in brain samples, standard curves were generated by logarithmic dilutions (100-0.01 ng) of MSC genomic DNA. For conversion to genome equivalents, the rat haploid genome size was assumed to be 2.82Â10 9 , which is equivalent to 6.2 pg DNA per cell. The EGFP DNA readings were converted to the numbers of cells by dividing the amount of EGFP DNA in each sample by the DNA content of a single MSC (6.2 pg). The total DNA content in the brain (including cerebral and cerebellar hemispheres, olfactory bulbs, and brainstem) was 1.28 AE 0.06 mg (mean AE standard error of the mean [SEM], n ¼ 6), corresponding to a total of 2.06Â10 8 cells.
Experimental design for stepping test
Baseline stepping data were obtained from each rat 4-6 days prior to 6-OHDA surgery. On the day of surgery (d0), 6-OHDA was microinfused into the left mfb as described above. Animals had previously been assigned pseudorandomly to two treatment groups. On day 7 (in the morning), the first postlesion stepping test was performed (baseline PD-symptomatic measurement). Thereafter (in the afternoon), the first IN cell application was carried out: animals in the celltreated group (n ¼ 9) received 5.0Â10 5 cells IN, whereas control animals (n ¼ 7) received vehicle (PBS). On day 9, the treatment was repeated (INA of additional 5.0Â10 5 cells or vehicle). On days 11, 13, 15, 21, 40, 42, 75, 90 , and 110, all animals were tested for stepping performance. Thereafter animals were sacrificed (under anesthesia), and the brains were removed and frozen on dry ice.
Experimental design for rotometer test
The same 6-OHDA surgery as described above was performed for this experimental set. On day 3 after surgery (d3), all animals were tested for rotational behavior after a subcutaneous (s.c.) injection of 2 mg/kg D-amphetamine (Sigma Deisenhofen, Germany). The sufficiently lesioned animals were identified and randomly assigned to ''cell'' (n ¼ 12) and ''control'' (n ¼ 10) treatment groups. MSC application was performed in the same way as described above (5.0Â10 5 cells IN or vehicle on 2 separate days, 7 and 9). On days 17, 105, and 136, rotometer tests were performed as described below.
Thereafter animals were sacrificed under anesthesia; their brains were removed and frozen on dry ice.
Behavioral testing
The behavioral tests (stepping and rotational behavior) were performed in separate groups of animals (9 animals in cell-treated vs. 7 control animals for stepping test and 12 celltreated vs. 10 control rats for rotational behavior) as described below.
Stepping test
To assess the motor performance of each forepaw, all animals were subjected to the correction stepping test (''stepping test'') on several days according to the procedure described by Olsson et al. 21 and Tillerson et al. 22 For this purpose, every animal was gently taken into both hands of the experimenter in a way that only one forepaw hung out of the grip in a relaxed state. The rat was gently and slowly moved sideways over a wooden bar (100 cm length, over 15 s). Each extremity was moved sideways in two directions (a push condition, left paw moved to the left, right paw moved to the right, and a pull condition, left paw to the right, right paw to the left). This procedure was repeated three times per test day with every rat. The stepping ratio was calculated by dividing the median stepping number of the ipsilateral paw by the median stepping number of the contralateral paw separately for every condition (push and pull). From these two results, a mean stepping ratio was calculated for every rat. The data presented in Fig. 7B , below, result from the formula: Mean stepping ratio
Rotational behavior
On days 3, 17, 105, and 136 postsurgery, the rotational behavior was measured in a rotometer system (TSE, Technical & Scientific Equipment GmbH, Bad Homburg, Germany). One 3608 turn was counted as a rotation; the activity of the animals was recorded every 10 min. The ''net ipsilateral rotations'' number was calculated as the difference of ipsilateral À contralateral rotations within a 100-min timeframe (30-120 min after the injection of 2 mg/kg D-amphetamine, corresponding to the time from maximal increase of rotation (according to Ungerstedt and Arbuthnott 33 ) to the end of observation period). A significant increase in rotations over time as observed in our study is not unusual and is most likely based on a behavioral sensitization process known for psychostimulants (e.g., amphetamine) or dopamine deficiency states or combinations of both.
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Preparation of brain sections
Horizontal cryosections (20 mm in thickness) were prepared from the whole brains of rats. For detection of EGFP-MSCs by fluorescence and confocal LSM, the sections were stained with 4 0 ,6 diamidino-2-phenylindole (DAPI; Vector Laboratories Burlingame, CA). For quantification of EGFP-MSCs, horizontal sections from the area between À2 mm and À8 mm from the surface of the brain were analyzed by fluorescence microscopy using an Olympus BX51 microscope (Olympus, Hamburg, Germany) and AnalySIS software (Soft Imaging System GmbH, Germany). For LSM, the selected sections TH, b-tubulin III, PCNA, and SMAA staining
Horizontal sections of 6-OHDA-lesioned rat brains, selected from the neighborhood of the sections containing EGFP-MSCs, were fixed with methanol at À208C, washed, and subsequently incubated with monoclonal antibodies against TH diluted 1:100 (Chemicon,
The number of TH-positive cells in the substantia nigra (SN) was determined from brain slices displaying a cross section of the entire SN. Every second section throughout the entire SN and the striatum (for the quantification of TH þ area), respectively, was analyzed, the total numbers being 15 for the SN and 25 for the striatum per animal. The total number of TH-positive cells in SN from screened sections was extrapolated to 1 mm 2 .
TUNEL staining
For quantification of TUNEL-positive host cells in striatum and SN, selected brain sections (n ¼ 10) from four brains of each cell-and vehicle-treated group were washed with PBS, stained via the TMRred In Situ Cell Death Detection kit according to the protocol of the manufacturer (Roche Diagnostics, Mannheim, Germany) and mounted with Vectashield mounting medium containing DAPI.
Western blot analyses
Western blotting was performed using protein lysates from individual brain hemispheres. Protein concentrations were measured by the method of Bradford. 27 For each lane, 100 mg of protein was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in a 12.5% gel and transferred to polyvinylidene fluoride (PVDF) membranes by tank blotting. Membranes were blocked in 0.66% (vol/wt) I-Block (Tropix, Applied Biosystems, Weiterstadt, Germany) in PBS-Tween-20 (PBST; 0.05% Tween 20 in PBS, and pH 7.4) for 1.5 h and were then incubated at 48C overnight with antibodies against tyrosine hydroxylase (1:1,000, Chemicon International, Nü rnberg, Germany), BDNF (1:100, Millipore, Billerica, MA), leukemia inhibitory factor (LIF; 1:200, Santa Cruz Biotechnology, Santa Cruz, CA), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000, loading control, Chemicon International; Nü rnberg, Germany). For visualization of antibody binding, membranes were incubated for 2 h at room temperature with alkaline phosphataseconjugated goat anti-rabbit or mouse (Tropix) or donkey antigoat secondary antibodies (Santa Cruz Biotechnology), diluted 1:10.000 in I-Block, and thereafter exposed to CDP-Star (Tropix) as a chemoluminescence substrate for 1 h in the dark room. Signal intensities were recorded using a CCD camera system, and subsaturated images were analyzed semiquantitatively by densitometry using the TINA software (version 2.09g, Raytest, Straubenhardt, Germany). Data were normalized to the respective densitometric values of normoxic controls and expressed as percent values.
Determination of cytokines in rat brain homogenate
Brains were removed, immediately frozen, and stored at À808C until analysis. The brains were divided along the interhemispheric fissure; left and right hemispheres were weighed and analyzed separately. Ice-cold lysis buffer (300 mM NaCl, 50 mM Tris, 2 mM MgCl 2, 0.5% Nonidet P-40) containing a Complete Protease Inhibitor Tablet (Roche Diagnostics) was added at a ratio of 1/3 (weight/volume). The tissue was disrupted on ice by 15 strokes in a glass-glass homogenizer revolving at 1,200 rpm. Thereafter, homogenates were clarified by centrifugation for 10 min at 1,500Âg, and the supernatant was divided into aliquots and frozen at À808C. Quantification of protein content was done by using the Bio-Rad DC Protein Assay (Munich, Germany) according to the manufacturer's manual. Determination of rat cytokines (interleukin-1a [IL-1a], IL-1b, IL-2, -4, -6, -10, -12, tumor necrosis factor-a [TNF-a], interferon-g [IFN-g], and granulocyte-macrophage colony-stimulating factor [GM-CSF]) was performed as described elsewhere. 28 Results were expressed in mg/g protein.
Statistical analyses
Statistical analyses of EGFP-MSCs, [ 3 H-Thy]-MSCs, TUNEL, TH, and cytokine quantifications were performed by the Student t-test for single comparisons and one-way analysis of variance (ANOVA) with Bonferroni test for multiple comparisons; p < 0.05 was considered as significant. The data are presented as mean AE SEM.
Results of the behavioral tests were analyzed by one-way (rotometer tests, each day separately) or two-way ANOVA (stepping test) with the factors ''treatment'' (between groups) and ''time'' (within subjects) followed by a post hoc Fisher least significant difference (LSD) test. The statistical results are provided in Tables 1 and 2 .
Results
The efficacy of IN delivery of [ (Fig. 1A) . Outside the central nervous system (CNS), the number of cells in the stomach was greater than that in all other peripheral organs, indicating that a considerable amount of MSCs was swallowed during INA. The distribution of [ cells appeared in cortex, cerebellum, brainstem, and spinal cord 4 h after application (Fig. 1B) .
In the second part of our IN delivery efficacy study, we tested the survival of MSCs expressing EGFP in the brain over a time period of 4.5-6.7 months and their capacity to migrate to the 6-OHDA-lesioned striatum. The lesions of the ipsilateral (left) striatum and SN are reflected by the difference in their TH levels as compared to their intact contralateral counterparts both 7 days (cf. Fig. 2A vs. 2B) and 4.5 months (cf. Fig. 2C and 2D vs. 2F) after 6-OHDA injection into the left mfb. In the area of the lesioned striatum and the SN, the expression of TH was markedly increased by cell application (striatum in Fig. 2E and SN in Fig. 2G ) in comparison to the control group (striatum in Fig. 2F and SN Fig.  2H ) as measured 4.5 months after the experiment. This effect on TH expression appeared to be more prominent in the SN (cf. Fig. 2G vs. 2H) than in the striatum (cf. Fig. 2E vs. 2F) .
Measurement of EGFP-MSCs in the brains 4.5-6.7 months after surgery and INA of either 1Â10 6 or 3Â10 5 cells was performed in two experimental sets by quantification of EGFP DNA and fluorescence microscopy, respectively. To evaluate the total number of MSCs delivered to the brain, we used quantified EGFP DNA. Quantification of MSCs by DNA analysis of EGFP showed that the mean total number of EGFP cells was 24.8 AE 8Â10 4 per brain (n ¼ 5). Thorough analysis of specific brain areas by fluorescence microscopy of EGFP-MSCs in the brain sections demonstrated significantly higher numbers of EGFP-MSCs in the ipsilateral striatum, lateral ventricles, and hippocampus as compared to the respective areas on the contralateral side (cf. HC ipsi vs. HC contra, LV ipsi vs. LV contra, striatum ipsi vs. striatum contra and SN ipsi vs. SN contra) after INA of 3Â10 5 (Fig.  1C) or 1Â10 6 cells (Fig. 1D) . Out of all analyzed cerebral areas, the highest amount of EGFP-MSCs was observed in the lesioned striatum (Fig. 1C,D, striatum ipsi) followed by the SN (SN ipsi in Fig. 1D) .
Some of the EGFP-MSCs detected in the lesioned striatum 6.7 months after INA of 3Â10 5 MSCs bore processes (arrows in Fig. 3A) . The quantification of these process-bearing EGFPMSCs in different brain areas 4.5 months after application of 1Â10 6 cells showed the highest amount of cells in the lesioned area, i.e., ipsilateral SN and striatum, as compared to the amount of cells in the respective contralateral SN and striatum (Fig. 4B) or the other brain areas on the ipsilateral side (Fig.  4C) . Many of the detected cells (arrow in Fig. 3B ) were adjacent to thread-like structures (arrowheads in Fig. 3B ) identifiable either as b-tubulin III-positive nerve fibers (arrowhead in Fig. 3C ) or as SMAA-positive blood vessels (arrowhead in Fig. 3D ). In the lesioned striatum, a high number of EGFPMSCs expressed TH (yellow cell in Fig. 3E ) and PCNA (arrow in Fig. 3F ). The quantification of TH-positive EGFP-MSCs (EGFPþTHþ) revealed a significantly higher number of them in the lesioned (ipsilateral) SN than in the contralateral intact side (cf. EGFPþTHþ in ipsilateral SN vs. EGFPþTHþ in contralateral SN in Fig. 4A) . Moreover, the population of EGFPþTHþMSCs prevailed over the population of EGFPþ TH-MSCs in the ipsilateral SN, whereas the number of cells in both populations was nearly equal in the contralateral SN (Fig. 4A) . The comparison of the EGFPþPCNAþ cell populations in the ipsi-and contralateral hemispheres yielded a significantly higher amount of EGFPþ/PCNAþ cells in the ipsilateral striatum, SN, and hippocampus (Fig. 4D ). In total, 3.2% of the applied MSCs were proliferative 4.5 months after application. However, no tumor formation was observed throughout the entire sections analyzed from each animal. The influence of INA of MSCs on the dopaminergic activity of the host tissue is reflected by an increased expression of TH in the lesioned striatum and SN compared to the control. The number of TH-positive cells and the TH-positive area in the ipsilateral SN and ipsilateral striatum was significantly elevated 4.5 months after INA of MSCs (Fig. 4E,F) . These data were confirmed by western blot analysis: TH expression in the ipsilateral side of the cell-treated group was higher than that in the ipsilateral side of control brains (Fig. 5A , cf. ipsi cell vs. ipsi control).
Because BDNF facilitates differentiation of MSCs into functional neurons, 29 we tested the expression levels of BDNF in ipsi-and contralateral brain hemispheres. In both control and cell-treated groups, the levels of BDNF were higher in the ipsilateral side (Fig. 5A) . Assuming that targeted migration of MSCs to the lesioned area could be at least partially due to the increase in BDNF in the 6-OHDA-injured hemisphere, we tested the influence of BDNF on the migration of MSC in vitro using a migration assay shown schematically in Fig. 5C . Indeed, the number of MSCs that reached the bottom side of the membrane (red cells in Fig. 5C ) was markedly increased by the presence of 100 ng/mL BDNF in the cell culture medium (Fig. 5D) . LIF is proposed to play a role in the initiation of chemotaxis and migration of MSCs. 30 Downregulation of LIF in the lesioned side (Fig. 5A ) in both cell-treated and control groups suggests that, at least in this particular model of PD, this factor is not involved in lesion-targeted migration of MSC. Quantification of TUNEL-positive cells in striatum and SN clearly reveals the strong capacity of MSC to decrease the apoptosis of the host cells in these brain areas (Fig. 5B) . Assessment of dopamine levels in the brain homogenates provided a further indication of the therapeutic influence of INA of MSCs. The levels of dopamine in the ipsi-and contralateral hemispheres of the cell-treated group were nearly equal, whereas a dramatic difference was observed between the ipsiand contralateral hemispheres of the control group (Fig. 5E) . The higher level of dopamine in the control contralateral hemisphere in comparison to the cell-treated contralateral side is related to the lesion-induced dopaminergic overcompensation in the intact nigrostriatal system, as reflected by increase in the stepping performance of the ipsilateral forepaw of unilaterally lesioned animals compared to the shamlesioned animals. 21, 31 The level of dopamine in the ipsilateral hemisphere of the cell-treated group was higher than that of the ipsilateral hemisphere of the control group (cf. ipsi in cell and control group in Fig. 5E ).
Regarding the contribution of neuroinflammation to neuronal degeneration in PD widely discussed in the literature (for review, see ref. 32) , we compared the levels of inflammatory cytokines in intact and lesioned hemispheres of both cell-treated and control groups. Figure 6 shows dramatically higher levels of IL-1b, IL-2, 6, 12, TNF-a, IFN-g, and GM-CSF in the lesioned brain halves (BH) of control groups 4.5 months after the 6-OHDA-lesion (Fig. 6) . INA of MSC (1Â10 6 cells) decreased the levels of proinflammatory cytokines in the lesioned BH (Fig. 6 ). While differences in the levels of IL-1a (Fig. 6A ) and IL-10 ( Fig. 6C) were noticeable but not statistically significant, other inflammatory cytokines, IL-1b, IL-2, 6, 12, TNF, IFN-g, and GM-CSF, were significantly lower in the ipsilateral BH of MSC-treated as compared to control animals (Fig. 6B,D-I) . Out of the 10 analyzed cytokines, only IL-4 was undetectable (not shown).
Furthermore we tested the effect of IN application of EGFPMSCs on the behavioral motor performance of unilaterally 6-OHDA-lesioned animals. Application of 3Â10 5 EGFP-MSCs did not lead to significant changes in motor performance, as assessed by stepping ratio and amphetamine-induced rotations during 6.7 months after cell application (data not shown). Therefore, in our next experimental set we used INA of 1Â10 6 cells divided into two equal applications on day 7 and day 9 (Fig. 7A,B) . MSC-treated (n ¼ 9) and vehicle-treated (n ¼ 7) groups did not differ in behavioral tests before cell treatment, i.e., day 7 (Fig. 7A), or day 3, respectively (Fig. 7B) . Decreased rotational behavior in MSC-treated animals occurred on day 136 after surgery (Fig. 7B) . Amphetamine-induced rotational behavior quantification is a well-established method for assessment of the nigrostriatal dopaminergic dysbalance in unilaterally 6-OHDA-lesioned rats. 33 Decreased rotations of the cell-treated group indicate behavioral compensation due to therapeutic effects of the INA of MSCs. Stepping ratios were initially increased in both treatment groups (Fig. 7A,  days 9-42) . Thereafter, both groups demonstrated a diver- gent behavior over time: while stepping ratios of the control animals decreased from day 75 to 110, cell treated animals remained on the higher stepping ratio level (Fig. 7B) . ]Thy-MSCs in the CNS revealed that, unlike our previous data showing the highest amount of cells in the olfactory bulb 1 h after application in healthy rodents, 15 in the 6-OHDA-lesioned brain the highest percentage of cells was observed in cortex, cerebellum, brainstem, and spinal cord 4 h after INA. These findings provide further evidence for our previously suggested migrational routes of INA cells into the brain along the olfactory and trigeminal nerves via parenchymal and CSF pathways. 15 These delivery routes are also known to be involved in the rapid IN delivery of drugs to the brain. 12 DANIELYAN ET AL.
lation was located predominantly in the lesioned area (ispilateral striatum and SN), indicating that the proliferative activity of MSCs, restricted to the areas alongside the degenerated regions, would minimize their long-term persistence in remaining brain areas and thus their influence on intact host tissues. INA of MSCs led to therapeutic effects on dopaminergic activity, reflected by increases in TH and dopamine levels in the lesioned areas (striatum and SN) of the host tissue. This effect may result from: (1) Replacement of degenerated striatal and nigral tissue by TH-positive MSCs; and/or (2) neuroprotective effects of the MSCs on the brain due to trophic and antiinflammatory activities of the MSCs. However, because the effects of MSCs on the number of TUNEL-positive host cells and the levels of inflammatory cytokines were more prominent than the ability of MSCs to eliminate the dysbalance in TH and dopamine between ipsiand contralateral sides, it is likely that the neuroprotective features of MSC may prevail over their capacity to replace degenerated neural cells. Another question addressed here is whether INA of MSCs would lead to the targeted delivery of cells to the lesioned area, and whether this process may involve a local increase in certain factors affecting the migration of MSCs. Indeed, the level of BDNF, but not that of LIF, was clearly increased in the ipsilateral hemisphere compared to the contralateral side, and BDNF appeared to serve as a migration-stimulating factor for MSCs, as shown by our in vitro experiments. Recent studies have shown that the increase in BDNF levels in the brain is not only relevant to PD 36, 37 but also to Alzheimer disease (AD) pathology. The serum levels of BDNF are increased in patients with AD or mild cognitive impairment 38 and amyloid beta (Abeta) 1-42 appears to increase the FIG. 6. Quantification of interleukins (IL) in the ipsilateral (ipsi) and contralateral (contra) hemispheres in the brains of 6-hydroxydopamine (6-OHDA)-lesioned rats 4.5 months after intranasal application (INA) of phosphate-buffered saline (PBS) (control, grey bars) or 1Â10 6 of enhanced green fluorescent protein mesenchymal stem cells (EGFP-MSCs) (cell, white bars). The data were statistically compared by one-way analysis of variance (ANOVA) with the Dunett post hoc test and are shown as mean AE standard error of the mean (SEM) (n ¼ 5, p < 0.05).
neuronal BDNF level in vitro. 39 Moreover, here we show that the levels of IL-1b, IL-2, -6, -12, TNF-a, IFN-g, and GM-CSF were dramatically increased in the lesioned brain halves of control groups 4.5 months after the 6-OHDA lesion. Among the inflammatory cytokines, TNF-a, IL-1b, IL-2, and IL-6 appear to be prominently upregulated in striatum and SN of PD patients and in the brains of animals affected by AD-like pathology. 32, 40, 41 TNF-a and IFN-g are known to regulate the migration of MSCs 42 and may be also responsible for the targeted migration of INA MSCs shown here. Thus, it is likely that not only in PD, but also in AD, IN administration of MSCs would lead to targeted migration of these cells to the areas burdened by specific neurodegenerative changes like Abeta plaque deposition and inflammation. MSCs are capable of differentiating to a cholinergic neuron-like phenotype, to metabolize Abeta, to decrease the Abeta-induced inflammatory response in neural cells, 43 and to improve the cognitive impairment in AD mice after surgical transplantation. 44 Therefore, noninvasive IN delivery of MSCs into brains affected by AD pathology may further improve the therapeutic effects of these cells by increasing their survival and migration toward the areas affected by Abeta plaques and inflammation. The strong antiinflammatory activity of MSCs, reflected by their capacity to decrease the levels of IL1b, IL-2, -6, -12, TNF-a, IFN-g, and GM-CSF in the lesioned brain, provides further evidence for their role as powerful modulators of the immune response as described in the literature: MSCs suppress activation of natural killer cells and T cells. 45, 46 The comparison of results from two different behavioral tests shows that INA of MSCs significantly, but weakly, compensated the 6-OHDA-induced dysbalance between the hemispheres (resulting in rotational behavior) whereas motor control of the forepaws (the stepping test) was prominently improved. This discrepancy could be explained by a better restoration of dopaminergic activity in the SN than in the striatum. Indeed the recovery of TH expression in the SN of the cell-treated group is more prominent than in the striatum when compared with the respective ipsilateral structure of the control group (Fig. 2) . This is strongly supported by recent findings of Mukhida et al., 47 suggesting that the reinnervation of the striatum appears to be important for restoration of rotational symmetry, whereas reinnervation of the SN and/or the subthalamic nucleus may be necessary for more complex sensorimotor behaviors reflected by the stepping test without restoration of rotational symmetry. 48 Because basal ganglia dopamine preferentially controls fine movement of the forepaws and face in quadrupeds, 49 testing of fine motor control of the forepaws (the stepping test) correlates better with the human condition of sensorimotor deficits related to Parkinsonism than rotational behavior. 47 Our data suggest that despite their ability to express TH, it is likely that INA MSCs function more in a neuroprotective and antiinflammatory manner rather than by replacing degenerated dopaminergic neurons. Recently, beneficial effects of INA of MSCs were shown in an animal model of neonatal ischemic brain damage. 50 Therefore, IN delivery of therapeutic cells to the CNS can serve as a noninvasive alternative to the current traumatic surgical procedure of transplantation. Moreover chronic treatment using the IN delivery method will increase the number of delivered cells to the brain and thus would likely enhance the therapeutic benefit. IN application of MSCs is worthy of further testing as a treatment for PD.
